com . yahoo @ mkalshaear ABSTRACT The voltage dip is a short-term reduction, or complete losing of, RMS voltage. This paper oriented the modeling and the function of compensating for voltage dip. The mitigating voltage dips by using STATCOM for low voltage grid is studied. STATCOM will be designed using dual-vector regulator for mitigating voltage dip. The various system parameters also will be tested in the simulation model with dual vector controller. The simulation results with step responses in Matlab/Simulink and in PSCAD/EMTDC will be presented. 
Fig.1. Circuit diagram of STATCOM with dual vector controller.
As a result, a proper reference of voltage out from Voltage Source Converter (VSC) is achieved. The vector voltage regulator is executed as outer control loop, which tracks the reference load terminal voltage to realize voltage dip mitigation. Both controllers are implemented in the synchronous reference frame, also called d-q frame. Therefore, the three-phase voltage and current vectors as like dc values in steady state [1] . The DC quantities can be easier controlled, and the steady state error nullified by using PI-controller. Flux-oriented transformation between stationary α-β frame and rotating d-q frame are used for both controllers. This is described [2] Between the VSC and the grid, an inductor is inserted as a filter (L-filter). The basic idea of vector current regulator is that the current through the filter is controlled and this results in instantaneous active and reactive power exchanged between VSC and grid will be controlled separately. The active component and reactive component of currents will be controlled separately since the d-q coordinate system is used in controller. Deadbeat gain [2] [3] is used in vector current controller to achieve a high dynamic performance of the STATCOM.
Fig.2. Blocks diagram of vector-current controller.
As the vector current controller is executed in a computer, the control functions are discrete, and the inputs and outputs of controller which are sampled with a constant sample frequency. The sample frequency may be equal or several of switching frequency. The block diagram of controller is displayed in Fig.2 . In vector current controller, the grid voltages and filter currents are inputs to controller. They are sampled at sample frequency and transformed into complex reference frame called α-β frame, then transformed into the rotating d-q frame. The d-axis of this frame is synchronized with positivesequence fundamental content of grid-flux vector. Therefore, positive-sequence voltages and currents with fundamental frequency become constant vectors in the d-q frame in steady state. These dc-quantities are used as inputs to PI-controller, which is implemented to control and reduce steady state error. The outputs of PI-controller are transformed from d-q frame into the α-β frame, and then transformed into the abc-coordinate system. In order to extend the output voltage range of the converter [14], a zero-sequence component is added to these three-phase quantities in the OPT block (optimized PWM is used). The outputs of OPT block are used as reference voltage for PWM function of VSC.
2-SYSTEM MATHEMATICAL MODEL
The streamlined circuit of a grid-connected to VSC is displayed in Fig.3 . The grid and VSC are modelled as two three-phase voltage sources and L-filter, one in each phase, is in series connected between them. The phase currents through the filter are denoted as i 1 (t), i 2 (t) and i 3 (t). The voltage of phases of grid are denoted as v 1 (t), v 2 (t) and v 3 (t). The phase voltages of VSC are denoted as u 1 (t), u 2 (t) and u 2 (t). The equivalent inductance and resistance of the L-filter are denoted as L and R, respectively. The Kirchhoff voltage law will be applied to circuit in Fig.3 . The differential three-phase system equations are:
(1)
The instantaneous grid voltages equal:
Where V is phase-to-phase rms voltage, and ω is grid angular frequency. The three-phase system in Eqs.
(1) to (3) will be expressed in the α-β frame as:
Equations (7) and (8) can be written as continuous state space equations:
The system state space equations in α-β frame can be written as: (11) Equations (7) and (8) also can be written in vector notation:
Where:
(15) Equation (12) can be transferred into d-q frame by using α-β to d-q transformation giving:
Equation (16) is splatted into two equations, representing d and q components respectively, as:
The controller of vector-current is implemented in the computer. Thus, currents and voltages are sampled with constant sample time T s . The equivalent inductance and resistance of L-filter are represented by L r and R r , which mean these are predicted values. By integrating Eqs. (20) and (21) from the kT s to (k+1)T s , the equations become:
(23) Equations (22) and (23) are divided by T s to obtain the average value for the sample period k to k+1.
(24)
In order to accomplish high dynamic performance, deadbeat gain is uses at the P-regulator. The error over one sample period should be zero. For instance, the current at sample instant k+1 must equal the reference current at the sample instant k. The reference currents are denoted as: (26) (27)
Linear current variation during one sample period is assumed in P-controller, yielding:
The grid voltages are assumed as constant values within one sample period.
The VSC voltages average values, through one sample period are assumed to equal reference voltages, which are denoted and . Then,
Therefore, Eqs. (24) and (25) could be written as:
Where k p is proportional gain of the P-controller, in which deadbeat gain is used.
An integral term can be added to the P-controller to remove the static error, which is caused by nonlinearity, noisy measurements and non-ideal components. Therefore, the PI-controller equations could be written as:
Where and are integral terms of PI-regulator. They are equal to:
where k I is the integration constant of the controller, which equals [13]:
T I is integral time of controller. It is written as:
It is well-known from Eqs. (37) to (40) 
The states, and , are the reference memories. They are the reference current at sample instant k, however, they would be equal to the reference values one sample before, i.e. the reference current at the sample instant (k-1). Finally, the PI-controller state space equations could be written as: 
4-Operation Principle of STATCOM
As described in paper [3] , voltage dip at load terminal can be mitigated by injecting the proper active and reactive power. The reactive power will be the main influence factor while the STATCOM is utilized to mitigate the voltage dip. The injected apparent power in d-q frame, which is used to mitigate voltage dip, could be calculated as: 
Therefore, voltage dip mitigation depends on the injected active and reactive power. The P-controller will be using to force the load terminal voltages to track the reference values. Furthermore, an integral term can be added to the P-controller to remove the static error. Another control strategy of vector voltage controller is called 'P-Q Vector Voltage Controller'. This means both magnitude and phase angle of the voltage will be controlled by injecting proper active and reactive current (as well as active and reactive power). As indicated in Fig.6 , for the dip without phase angle jump (left plot) or with phase angle jump (right plot), the load voltage will be compensated the same as the reference voltage. 
5-SIMULATION RESULTS
To test the behavior of vector voltage controller, it is achieved in PSCAD/EMTDC. Being a shunt connected device, the STATCOM can be implemented as controllable current source in the system. Thus, a controllable current source is used in simulation circuit to represent STATCOM. As indicated in Fig.4 , the outputs of vector voltage controller are d-q components of reference current. These currents will be transformed from d-q frame to α-β frame, then from α-β-frame to abc-coordinate system. Thus, three-phase synchronous shunt compensation currents are obtained. These currents are the control signal of the controllable current source, which represents STATCOM in simulation model. A three-phase simulation model with controllable current sources is exposed in Fig.7 . Table  1 . Table- The responses confirmation that the P-controller cannot remove the static error, whereas the PI-controller can remove it. Therefore, the PI-controller is employing in vector voltage regulator in this paper. By using the vector voltage controller, three-phase reference load voltages are used in the Simulink model exposed in Fig.7 . A voltage dip, from 0.05-s to 0.15-s with 0.7-pu magnitude and without phase angle jump, is executed in simulation. The instantaneous three-phase load voltages and line-line rms voltage are exposed in Fig.10 and 11 respectively. A small phase shift between reference and load voltage during the dip is found in Fig.2 . This is due to only the reactive shunt compensation current is controlled in the controller. Fig.11 shows that the magnitude of load voltage can track the reference values. However, the mitigation response time, one and half cycle, is quite long by using this controller. The 'P-Q vector voltage controller' is implemented in the simulation model shown in Fig.7 . A voltage dip, from 0.1-s to 0.25-s with 0.7-pu magnitude and without phase angle jump, is executed in simulation. The instantaneous three-phase load voltages and line-line rms voltage are exposed in Fig.12 and 13 respectively. Figure 12 and 13 indicate that load voltage, both magnitude and phase angle, can track reference value by using 'P-Q vector voltage controller'. This is due to both the active and reactive shunt compensation currents are controlled in this controller. The mitigation response time of this controller is also very long. 
6-CONCOLUSION

